We present total-energy, force, and electronic-structure calculations for Na and K adsorbed in various geometries on an A1 (111) The interesting result of the studied systems is that the difference in bond strengths between the "normal" and substitutional geometries is sufficiently large to kick out a surface Al atom.
I. INTRODUCTION The adsorption of alkali-metal atoms on metal substrates has attracted significant interest in experimental as well as theoretical research for more than 150 years. ' This interest is largely due to the technological importance of alkali adsorbates for efficient (i.e. , low work function) electrodes and for heterogeneous catalysis (see for example Refs. l and 2). Furthermore, alkali metals are important candidates to study the basic mechanisms of chemisorption because they have a simple electronic structure and because it is generally assumed that alkali adsorption is not complicated by adsorbate-substrate mixing -at least for alkalis heavier than Li.
The standard way to describe alkali adsorption on metals goes back to the pioneering work of Langmuir and Gurney.
The Langmuir-Gurney model concludes that the isolated alkali adatom loses part ofits valence electron to the metal substrate.
With increasing coverage, however, the alkali-alkali interaction gives rise to a depolarization and reduction of the ionic nature of bonding. Recently, theoretical studies' ' " concluded that the Langmuir-Gurney model should be abandoned. It was argued that the electron transfer is small and nearly independent of coverage' and that the main effect is an internal polarization of the alkali adatom. This theoretical work' " seemed to be confirmed by experimental studies. ' ' We will not elaborate on this debate here, because it refers to the initial stage of adsorption while the present paper is concerned with higher coverages.
For a more detailed discussion of these points we refer to the publications by ScheNer et al. and King and Benesh. ' What is interesting at this point is that the existence of such debate demonstrates that the understanding of chemisorption processes is still at its infancy.
With respect to the other, generally applied assumption, namely that intermixing with the substrate will not occur and that alkalis like Na or K adsorbed on a closepacked metal surface will occupy a high-coordination site on the practically unperturbed surface, we recently learned from our total-energy calculations' that this is not correct. Experimental studies using surface-extended x-ray-absorption fine structure (SEXAFS)' and corelevel spectroscopy' confirmed this finding.
In the present paper we give a more detailed description of our earlier theoretical work on Na (&3 X &3)R 30' on Al(ill) and we extend our study to the low-coverage (2 X2) structure and to potassium adlayers.
The outline of the present paper is as follows. In Sec.
II we summarize some details of our theoretical ap- 
II. THEORETICAL METHOD
A. Pseudoyoientials and basis set
The calculations described below are based on the density-functional theory (DFT) using the local-density approximation (LDA) for the exchange-correlation functional. ' ' The wave functions are expanded in a planewave basis set and the electron-ion interaction is described by ab initio ionic pseudopotentials. ' The clean and adsorbate covered Al(111) surfaces are modeled by supercells taking a slab with up to ten aluminum layers.
Because of our new approach, which is described in Sec.
II 8, such a ten-layer substrate gives practically the same results as a four-layer substrate. Therefore most calculations are done with the thinner slab. The thickness of the vacuum region is taken equivalent to a thickness of seven Al layers.
The ionic pseudopotentials are represented by fully separable, norm-conserving ab initio pseudopotentials as given by Gonze, Stumpf, and Fig. 3(b This is illustrated in Fig. 4 , where the effective potential
Here T[n ], E' ', E"" "" are the kinetic, electron-electron, and ion-ion interaction energy. V""(r) is the ionic pseudopotential and EE[n] is bE[n(r)]= f bh(r)n(r)dr = f P'"'(r)n(r) dr +zing'"'(R-z) . It may be interesting to compare our method to that of Inglesfield. The main difference is that his approach considers a semi-infinite substrate with two-dimensional translational symmetry whereas we take a slab system with a finite number of layers. This means that in our case the number of e1ectrons is fixed, so that the system is always neutral, while in Inglesfield's method the bulk Fermi level is kept constant so that the number of electrons is changed. Thus the charge depletion and accurnu- n(z) = -n(x, y, z)dx dy, (12) and the z value where the averaged charge density is minimal in the supercell is called zo (zo is in the vacuum region). The dipole moment p per area A of the slab is then given by a3+z0 p= f n(z)zdz -QZIzI .
(13) 0 I lation due to the electric field is realized in our system by a charge transfer from one surface to the other. This can be seen in Fig. 4 (c), which also shows that the chargedensity change occurs only in a small region at the two surfaces and that the field is efficiently screened inside the slab, as one would expect for a metal. As a consequence there is no change of the charge density inside the slab, with the exception of small-amplitude Friedel oscillations. A further difference to Inglesfield's scheme occurs because we calculate the response of the electronic system on an external potential P'"'(r) defined in the whole supercell whereas Inglesfield considers only a smaller (e.g. , two-layers thick) surface region and applies boundary conditions. Nevertheless the physics described by both methods should be the same. Figure 6 
The potential P'"' corresponds to a homogeneous electric field 6"=pi4n0 parallel to the z-axis. The change in total energy according to Eq. (9) (&3X&3)R30' Na at fcc, on-top, and substitutional sites adsorbed on one (1) and on two (2) sides of slabs consisting of 4, 7, and 10 layers of Al(111). As a reference energy we use the result for the clean ten-layer Al{111) slab. The Na position is relaxed but the aluminum atoms are kept frozen at the perfect-lattice geometry. All energies are in eV.
layers clean fcc (1) top (2) top (1) sub (2) sub (1 Fig. 7 ). In the following we will discuss these sites but we will also discuss the on-top and substitutional positions. Because the surface-substitutional site has been completely disre- Table IV and Fig. 9 Fig. 9 and Table IV Fig. 9 ) and energy gain due to substrate relaxation hE"' for (&3X&3)R30' Na on Al(111) with (rel) and without (unrel) Kittel (Ref. 38) . The triangles are our calculated results. Fig. 11(f) ]. This behavior is better seen in the xy-averaged charge-density change b, lt(z)=It(z) ' """-8" (z) which is shown in Fig. 12 .
In Table V ). substitutional adsorption, i.e. , a similar behavior as that found for the Na-Al distance. The results of Table V show that the work-function change as well as the dipole moment for "normal" and substitutional adsorption increases. The drastic increase of the dipole moment for the substitutional site with local coverage, which is in contradiction to what we found for the Na adsorption, can be explained by a weaker screening of the repulsive ad-ad interaction, since the K adsorbate is higher above the substrate surface and therefore the substratemediated screening density between the adatoms is smaller.
In the same way as described in Sec. III B we calculated the phonon frequencies for (&3X&3) K on Al(111) (Fig. 13) . The frequencies are v«&=108 cm ', vt"=91 cm ', and v,"b= 128 cm ' for the on-top, fcc, and substitutional sites, respectively, i.e. , they are much softer than for Na on the (&3X/3) Al(111) surface. This can be understood in terms of the charge redistribution. Cornpared to the corresponding redistribution of Na on the Al surface, the maximum density is lower and the redistribution occurs over a large region (Figs. 14 and 15 ). This is a direct result of the larger atomic radius of K. The maximum of the averaged charge redistribution (Fig. 15) In contrast to Na, where the on-top position is energetically clearly unfavorable, we find that it becomes possible for potassium. This result is explained as a consequence of the energy gain due to substrate relaxation for the on-top position and the bigger size of K, which implies that the adatom experiences a rather small substrate electron-density corrugation.
Some open questions remain. For example, we are unable at this time to predict the details of the reaction path through which the surface aluminum atom is kicked out in the process of the substitutional adsorption.
